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Abstract 1 
A microkinetics-based study was performed on the relevance of conventional isothermal data 2 
for the selection of catalysts for Oxidative Coupling of Methane (OCM) in adiabatic reactors. 3 
Catalyst performances from isothermal tests in oxygen-lean feeds (CH4/O2 ≥ 7) were found to 4 
reliably indicate the catalyst ranking for adiabatic operation, which features large methane 5 
excess for temperature control reasons. In oxygen-lean operation, a lower contribution of 6 
surface reactions is beneficial for the selectivity at iso-conversion. Hence, the concentration of 7 
surface oxygen was found to be significantly lower on the top-performing catalysts at higher 8 
methane-to-oxygen ratios. However, these relevant isothermal data are scarce in literature 9 
because typically oxygen-rich (CH4/O2< 5) reaction conditions are used to maximize the C2+ 10 
yield. Therefore the majority of lab-scale tests at isothermal conditions might have resulted in 11 
the rejection of catalysts that could perform reasonably well at conditions typical for adiabatic 12 
reactors. The insights gained via kinetic and statistical analysis were further elaborated to 13 
suggest experimental guidelines for future isothermal benchmarking of OCM catalysts in view 14 
of the industrially-relevant adiabatic operation. 15 
 16 
1. Introduction 17 
In the past decade, shale gas has assumed a predominant role in the world economy1 and its 18 
impact on the energy and chemical markets is forecasted to increase even more in the next 19 
years2. Major efforts are currently focused on processes for direct conversion of methane, which 20 
are regarded as promising but challenging alternatives to the syngas route to chemicals3. Among 21 
those direct conversion processes, the Oxidative Coupling of Methane (OCM)4 is appealing for 22 
direct ethylene production, a key building block in the chemical industry5. However, since its 23 
conception6, the industrial development of OCM has been hampered by the trade-off between 24 
methane conversion and C2 selectivity
7. The oxidation of methyl radicals to carbon oxides 25 
3 
 
(primary oxidation) competes with radical coupling to ethane. In addition, the oxidation of 26 
ethane and ethylene takes place extensively as these products are more reactive than methane 27 
itself (consecutive oxidation)8. This issue represents a recurring theme in methane activation 28 
and functionalization research, which goes well beyond OCM9, and for which optimal solutions 29 
are still to be found. The need to address these challenges has driven many of the studies on 30 
catalyst10 and reactor11 optimization. An abundance of catalytic data has been collected up to 31 
now mainly in laboratory-scale fixed-bed reactors. Isothermal mode was targeted in most cases 32 
not to complicate the observations by the pronounced exothermicity of the reaction12, and to 33 
extract mechanistic and kinetic information deprived of thermal effects13. A database recently 34 
reported by Schmack et al.14 is visualized in Figure 1, wherein C2 selectivity is represented as 35 
a function of CH4 conversion for a broad variety of catalytic materials in a wide range of 36 
operating conditions.  37 
 38 
Figure 1. Overview of the experimental data obtained for OCM in laboratory-scale isothermal fixed-bed reactors, 39 
in terms of C2 selectivity as function of CH4 conversion (operating conditions: T= 773 – 1223 K, CH4/O2= 0.9 – 40 
38.3, GHSV= 350000 – 20 h-1, p= 1 – 4.5 bar).  This figure includes 1802 datapoints, based on the data provided 41 
by Schmack et al.14. 42 
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It is striking that almost all datapoints are located outside of what is considered to be the 43 
industrially-feasible target of >30% C2 yield at a C2 selectivity of >80%
15. This is a clear 44 
indication that for OCM, as well as for other methane direct valorisation processes16, catalyst 45 
design needs to be complemented by developments on the reactor and process level to advance 46 
on the selectivity-conversion trade-off. 47 
The Siluria OCM process17, very recently acquired by McDermott18, contains an adiabatically 48 
operated fixed-bed reactor at the heart of the proposed process configuration19. This seems to 49 
point to adiabatic fixed-bed reactors, rather than isothermal multi-tubular ones, as a viable 50 
option for large-scale OCM implementation20. While a few related studies have been carried 51 
out decades ago21-23, adiabatic OCM reactors have recently received increasing academic and 52 
industrial attention24-33. The main driver is the exploitation of the reaction exothermicity to 53 
lower the inlet temperature required and, ideally, operate the reactor autothermally. 54 
As the majority of catalytic studies focused on isothermal operation, considerable research 55 
efforts are now required to design adequate catalysts for adiabatic operation. Aiming at building 56 
up on the isothermal studies, a very relevant question is whether catalysts that have exhibited 57 
the best performances in isothermal conditions would also serve as best candidates in an 58 
adiabatic reactor. In other words: given a certain ranking of catalytic materials according to a 59 
specific performance parameter, would this ranking be preserved when moving from isothermal 60 
to adiabatic operation? 61 
The main goal of the present work is, hence, the identification of isothermal bench scale data 62 
that are most informative for extrapolation towards adiabatic industrial operation. This was 63 
pursued by evaluating the impact of operating conditions on the catalyst performance ranking 64 
using microkinetic simulations, for both isothermal and adiabatic operation. Microkinetic 65 
models are reputed as excellent tools for the simultaneous screening of catalyst properties and 66 
operating conditions34, given a specific reactor configuration35. A major advantage of such a 67 
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modelling approach is the possibility of comparing performance data in truly isothermal and 68 
truly adiabatic conditions. As described elsewhere36, 37, perfect isothermicity, which is often 69 
claimed in publications, is actually very hard to realize in OCM fixed-bed setups. On the other 70 
hand, due to heat losses33, perfect adiabatic operation is difficult to achieve in bench-scale 71 
setups, while heat losses become negligible on the industrial-scale24. Simulated performance 72 
data can level out non-idealities in reactor operation and enable a direct comparison of intrinsic 73 
performances of different catalysts. This clear-cut approach allows catalyst benchmarking on a 74 
theoretical base. 75 
In the first section of the present work, an overview of the methodological workflow for OCM 76 
catalysts ranking based on microkinetic simulations is provided. Subsequently, the impact of 77 
operating conditions on the catalyst ranking is analysed: first, for a broad range of isothermal 78 
cases; next for a more limited number of selected adiabatic cases; and finally by comparing 79 
results for both operating modes. In the discussion section, a broader perspective on isothermal 80 
experimental data from literature is presented, and guidelines for catalyst screening targeting 81 
adiabatic fixed-bed operation  are provided. 82 
 83 
2. Methodology for OCM catalysts ranking via microkinetic simulations 84 
2.1 Overall workflow 85 
The workflow adopted for ranking OCM catalysts is depicted in Figure 2, both for isothermal 86 
and adiabatic operation. The workflow is composed of three main steps: 1. microkinetic 87 
simulations for a high number (> 200) of OCM catalysts; 2. ranking of the catalysts by 88 
normalization of the obtained C2+ yields; 3. pairwise comparisons via statistical analysis. 89 
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 90 
Figure 2. Methodology adopted for catalysts ranking and pairwise comparison of operating modes. C2+: C2H6, 91 
C2H4, C2H2, C3H8, C3H6, ?̇?: thermal power exchanged with the surroundings, 𝑄?̇?: thermal power generated by 92 
the reaction, XO2: oxygen conversion, Y: yield, ρ: Pearson’s correlation coefficient. (The analysis of the top 10% 93 
catalysts was performed in every case, but it is herein indicated only for the strong correlation case (A) for the 94 
sake of visual simplicity.) 95 
Microkinetic simulations 96 
A  microkinetic model for the OCM reaction, previously developed by our group38, is embedded 97 
in a fixed-bed reactor model which allows the simulation of both isothermal and adiabatic 98 
operation28. this Both the kinetic and the reactor model were extensively described in the 99 
referenced literature and an overview is provided in section S1 of the S.I.. The microkinetic 100 
model was validated for several OCM catalysts39, by varying sixteen parameters denoted as 101 
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catalyst descriptors40. These descriptors, obtained via regression towards experimental data, are 102 
defined as properties which directly impact the reaction kinetics and depend on the catalyst41. 103 
These include, among others, chemisorption enthalpies, sticking coefficients, density of active 104 
sites. This definition is different from others adopted in literature, which might refer to 105 
transition state energetic parameters from theoretical calculations, such as the C-H bond 106 
dissociation energy and the oxygen vacancy formation energy42, physico-chemical catalyst 107 
properties, such as the ability to form a carbonate and the thermal stability of this carbonate14, 108 
or, as in machine learning works, descriptor can have an even more general meaning, such as 109 
preparation method and operating conditions43. 110 
In this work, the performance of real catalysts could be reproduced via realistic combinations 111 
of catalyst descriptors (see also section 2.2), in the hypothesis of stable operation of the catalysts 112 
in all the investigated operating conditions. As input for the microkinetic and reactor model, 113 
the descriptors of each catalyst 𝑖 and the operating scenarios are required. The operating 114 
scenarios, indicated by 𝑝 and 𝑞, are defined as the reactor operating mode (isothermal or 115 
adiabatic) and the set of operating conditions considered. In Figure 2, an isothermal scenario 𝑝, 116 
with operating conditions isoth=(T, CH4/O2|isoth), and an adiabatic scenario 𝑞, with operating 117 
conditions adiab=(T0, CH4/O2|adiab), are considered, see also section 2.2 for the selection of the 118 
operating conditions. It should be mentioned that all the simulated scenarios refer to co-feed 119 
operation, where both CH4 and O2 are simultaneously fed to the reactor. This means that 120 
molecular oxygen from the gas phase is required for methane activation and that the catalysts 121 
do not undergo any cyclic operation in reduction−oxidation reactor modes44. The model output 122 
is a set of key performance indicators for catalyst 𝑖 and scenario 𝑗. The yield of C2+ products 123 
(C2H6, C2H4, C2H2, C3H8, C3H6) at the reactor outlet, 𝑌𝐶2+ 𝑖
𝑗
, is the focus of the present work. 124 
 125 
 126 
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Catalysts ranking 127 
The ranking of catalyst 𝑖 in scenarios 𝑝 and 𝑞 is defined as the normalized C2+ yield, 
𝑌𝐶2+ 𝑖
𝑝
max (𝑌𝐶2+
𝑝
)
 128 
and 
𝑌𝐶2+ 𝑖
𝑞
max (𝑌𝐶2+
𝑞
)
, respectively. The ranking can assume values in the interval [0,1], with the best 129 
performing catalyst in each scenario attaining a ranking of 1 and catalysts, if any, with zero 130 
yield attaining ranking 0. 131 
Pairwise comparisons of operating scenarios 132 
The comparison of these rankings is carried out using the Pearson’s correlation coefficient 𝜌45, 133 
which measures the linear correlation between two variables: 134 
𝜌  
∑ (𝑃𝑖 − ?̅?)(𝑄𝑖 − ?̅?)
𝑛
𝑖=1
√∑ (𝑃𝑖 − ?̅?)2
𝑛
𝑖=1 √∑ (𝑄𝑖 − ?̅?)
2𝑛
𝑖=1
 135 
𝑃𝑖  
𝑌𝐶2+ 𝑖
𝑝
max (𝑌𝐶2+
𝑝
)
: ranking of catalyst 𝑖 in scenario 𝑝 136 
𝑄𝑖  
𝑌𝐶2+ 𝑖
𝑞
max (𝑌𝐶2+
𝑞
)
: ranking of catalyst 𝑖 in scenario 𝑞 137 
𝑛: number of catalysts (= 220) 138 
?̅?   
1
𝑛
(∑ 𝑃𝑖
𝑛
𝑖=1 ): mean ranking in scenario 𝑝 139 
?̅?   
1
𝑛
(∑ 𝑄𝑖
𝑛
𝑖=1 ): mean ranking in scenario 𝑞 140 
This comparison is visualized in a pairwise ranking graph, in which the catalyst ranking in 141 
scenario 𝑞 (y-axis) is plotted against the catalyst ranking in scenario 𝑝 (x-axis). Each point in 142 
the graph represents one of the 𝑛 catalysts. These points are shown in yellow in case of 143 
comparison between an isothermal and an adiabatic scenario (such as in Figure 2 and in section 144 
3.2), in green in case of two isothermal scenarios being compared (section 3.1), and in orange 145 
for two adiabatic scenarios (section S5 in S.I.). 146 
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According to literature guidelines46, a typical value 𝜌= 0.7 was chosen as a threshold of strong 147 
positive correlation. However, rather than the exact value, the qualitative trends in 𝜌 as a 148 
function of the operating conditions were considered of main interest. A strong correlation, such 149 
as in Figure 2 – case A, indicates that the catalyst ranking is not affected by a particular change 150 
in operating mode or conditions. 151 
As indicated in Figure 2 – case A, particular attention was paid to the top 10% performing 152 
catalysts in each scenario, indicated by the dashed boxes. The impact of the operating conditions 153 
on the top 10% catalysts ranking is represented by the extent of the overlap between the two 154 
boxes (shaded area in the figure). The visual interpretation was supported by statistical testing47, 155 
48, to identify descriptors that discriminate between both catalyst groups of interest, as described 156 
in detail in previous work49. In case of weak correlation between the performances in the 157 
investigated scenarios, such as in Figure 2 – case B, an additional analysis was performed, to 158 
gain further insights into the cause of the spread in the data. Based on the median performance 159 
obtained in each scenario (indicated by dashed arrows in the figure), the descriptors of catalysts 160 
with ranking above the median value in only one of the two scenarios (in practice, the 1st 161 
quadrant catalysts) were compared to the catalysts characterized by above-median ranking in 162 
both scenarios (2nd quadrant catalysts). 163 
2.2 Catalysts and operating conditions 164 
The performances of several OCM catalysts reported in literature were reproduced in the 165 
microkinetic simulations herein via a methodology previously developed in our research group, 166 
encompassing both microkinetics and statistical testing49. A total of 220 realistic catalyst 167 
descriptors combinations, corresponding to a variety of real OCM catalysts, were identified 168 
starting from six literature datasets: two datasets from the work of Kondratenko et al.50, two 169 
datasets from the work of Olivier et al.51, one dataset from the work of Huang et al.52 and one 170 
dataset from the work of Shahri and Pour53. These datasets were selected because of the broad 171 
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variety of catalytic materials which were experimentally tested, see Table S2.1 of the S.I.. 172 
Additional details about the real catalysts from the literature datasets and the methodology 173 
adopted to identify the realistic catalyst descriptor combinations are reported in section S2 of 174 
the S.I..  175 
Concerning the operating conditions adopted for the simulations, a summary is reported in 176 
Table 1. The selection of operating conditions for isothermal operation was based on available 177 
literature data. Out of the 1802 experiments reported by Schmack et al.14, more than 61% of the 178 
data (1115 datapoints) was obtained in the operating range: CH4/O2= 2-10, T= 1023-1173 K (at 179 
atmospheric pressure, with gas hour space velocity ranging from 350 to 350000 h-1 and nitrogen 180 
dilution in the range of 0% - 95%). These temperature and feed composition ranges sufficiently 181 
cover the majority of conditions applied in literature for OCM experiments. It is worth 182 
mentioning that less than 10% of the literature data was obtained at CH4/O2 molar ratios 183 
exceeding 5 and temperatures higher than 1073K, while approx. 33% of the data points fall in 184 
the range: CH4/O2= 2-5, T= 1023-1073 K. The latter can, hence, be considered as the ‘typical’ 185 
operating range in isothermal OCM literature. 186 
Table 1. Operating conditions considered for the microkinetic simulations. 187 
operating 
scenario 
p 
[bar] 
GHSV 
[103 h-1] 
T (isoth)/T0 (adiab) 
[K] 
CH4/O2  
[mol/mol] 
Ref. 
isothermal 
1.013 1 -300 
1023, 1073, 1123, 1173 2,3,4,5,6,7,8,9,10 14 
adiabatic 800, 853, 900 9, 9.8, 11 28 
The selection of the operating conditions for the adiabatic scenarios has been discussed in detail 188 
in our previous work28. The maximum temperature in the reactor was set to 1273 K based on 189 
metallurgical constraints for stainless steel54. Furthermore, it is considered unlikely that OCM 190 
catalysts are stable at temperatures exceeding this value55. By fixing the maximum temperature, 191 
the number of degrees of freedom was reduced by one, as only one combination of inlet 192 
temperature T0 and feed composition would allow a maximum temperature of 1273 K at the 193 
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reactor outlet. The adiabatic temperature rise ∆Tad, related to the reaction exothermicity, allows 194 
values of T0 which are usually too low for isothermal OCM (i.e. < 923 K). Three sets of 195 
adiabatic conditions were, hence, considered: T0= 800 K and CH4/O2= 9.0, T0= 853 K and 196 
CH4/O2= 9.8, T0= 900 K and CH4/O2= 11.0. Similarly as in previous work
28, atmospheric 197 
pressure was considered, in view of C2+ selectivity maximization
56, both for the isothermal and 198 
the adiabatic scenarios. 199 
Oxygen being the limiting reactant, the catalyst ranking was performed at comparable oxygen 200 
conversion and the GHSV was adapted correspondingly for each catalyst. More precisely, full 201 
oxygen conversion is a pre-requisite of a relevant OCM process, to ensure safe operation of the 202 
downstream sections of the plant57. Hence, for each set of conditions, the maximum GHSV 203 
ensuring complete oxygen conversion at the reactor outlet was used. As in previous work, a 204 
minimum GHSV of 1000 h-1 was considered in view of economic viability58. Specifically for 205 
adiabatic operation, in case a GHSV of 1000 h-1 was found to be insufficient to reach the full 206 
oxygen conversion, due to the low inlet temperatures considered, this aspect was explicitly 207 
taken into account in  subsequent data interpretation. 208 
 209 
3. Results 210 
The impact of operating conditions on the catalyst ranking for isothermal and adiabatic 211 
scenarios are presented individually in section 3.1 and compared in section 3.2. 212 
3.1 Impact of operating conditions on the catalyst ranking 213 
A stepwise approach was taken in the analysis of the isothermal rankings: catalyst performances 214 
were first simulated within a narrow range of operating conditions, which was progressively 215 
expanded to evaluate differences in catalysts ranking, if any. 216 
Typical conditions were selected for two isothermal scenarios, i.e. lower temperatures and low 217 
methane-to-oxygen ratios. Simulation results for both scenarios are reported in Figure 3/A. A 218 
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very strong correlation (𝜌  0 96) can be observed, thus indicating that the catalyst ranking is 219 
not significantly affected by the change in the operating conditions. This is also evident from 220 
the top 10% performing catalysts, which are essentially the same in the two scenarios. A similar 221 
conclusion can be drawn from a more extended analysis of various isothermal scenarios in the 222 
typical operating range (T= 1023-1073 K, CH4/O2= 2-5), as reported in section S3 of the S.I. 223 
This suggests that catalyst selection for the most commonly adopted set of isothermal operating 224 
conditions is valid for other conditions within the above range. 225 
The interest in adiabatic operation implies the need to evaluate also isothermal results in a 226 
broader temperature range and at oxygen-lean feed compositions. Pairwise comparisons of 227 
isothermal scenarios within the ranges T= 1023-1173 K and CH4/O2= 2-10 can result in less 228 
pronounced correlations (𝜌  0 65) as evident from the large spread in data, illustrated in 229 
Figure 3/B for the extreme conditions. In these extreme scenarios, the catalyst ranking is 230 
significantly impacted by the difference in operating conditions, which is also evidenced by the 231 
top 10% catalysts exhibiting significant differences. Similar observations were found when 232 
comparing slightly different operating scenarios (Figure S3.1/B).  233 
Due to the variation in both operating conditions, i.e., operating temperature and methane-to-234 
oxygen ratio, the origin of the discrepancy in catalyst ranking between these two extreme 235 
scenarios cannot be uniquely ascribed to the pronounced difference in temperature (T= 1023 K 236 
vs T= 1173 K) or feed composition (CH4/O2= 2 vs CH4/O2= 10). To distinguish the two 237 
contributions, the impact of operating temperature at constant feed composition was evaluated 238 
first (Figure 3/C). Despite the slight increase in the spread of the data, a very strong correlation 239 
(𝜌  0 94) can be observed between the two data sets, thus suggesting that a 100 K difference 240 
in operating temperature only modestly impacts on the catalyst ranking. Consequently, also the 241 
top 10% catalysts are not significantly influenced. Similar results were obtained for other 242 
pairwise comparisons at fixed feed composition, reported in section S3 of the S.I..  243 
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The minor impact of temperature on catalyst ranking is encouraging in terms of comparing 244 
isothermal experimental data from different sources. Pronounced deviations from ideal 245 
isothermal operation37, 59, which undoubtedly influence the catalytic performance, might not be 246 
the most influential factor in the ranking and, hence, OCM catalyst selection. 247 
 248 
Figure 3. Pairwise comparisons of the performance ranking of the 220 realistic OCM catalysts, for four isothermal 249 
scenarios, with operating conditions as indicated in the top legends. 250 
Afterwards, the impact of the methane-to-oxygen ratio at a fixed operating temperature was 251 
assessed (Figure 3/D). Although a reasonably strong correlation (𝜌  0 78) can still be 252 
observed between the two data sets, the spread in the data cannot be ignored and, more 253 
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importantly, the top 10% catalysts are largely different in the two scenarios. Similar results 254 
were obtained for other pairwise comparisons at fixed operating temperature, reported in 255 
section S3 of the S.I.. 256 
This result was further investigated by statistically comparing the catalyst descriptors of the top 257 
10% catalysts in both scenarios in Figure 3/D. The statistical results and their detailed kinetic 258 
interpretation are reported in section S4 of S.I.. The main conclusion was that the specific 259 
concentration of adsorbed atomic oxygen (O*) was significantly lower on the top-performing 260 
catalysts in the oxygen-lean scenario, i.e. CH4/O2= 10. This surface oxygen species results from 261 
the dissociative chemisorption of an oxygen molecule from the gas phase (reaction [1] in Table 262 
2). Such species is responsible for methane activation via hydrogen abstraction (reaction [2] in 263 
Table 2) as well as for surface oxidations (e.g. reactions [3] and [4]).  264 
Table 2. Selected elementary steps from the microkinetic model38, herein reported to facilitate the discussion of 265 
the results. 266 
 Elementary step Description 
[1] O2(g) + 2* ⇌ 2O* Dissociative oxygen chemisorption 
[2] CH4(g) + O* ⇌ CH3(g) + OH* Hydrogen surface abstraction from methane  
[3] CH3(g) + O* ⇌ CH3O* Methyl radical surface oxidation  
[4] C2H4(g) + O* ⇌ C2H4O* Ethylene surface oxidation 
[5] CH3(g) + O2(g) ⇌ CH3O(g) + O(g) Methyl radical gas-phase oxidation 
[6] CH3(g) + CH3(g) ⇌ C2H6(g) Methyl radicals gas-phase coupling to ethane 
A lower concentration of surface oxygen implies lower catalyst activity, but this effect was 267 
herein eliminated by comparing catalysts at iso-conversion, rather than iso-space velocity. A 268 
high concentration of surface oxygen favours not only methane activation, but also surface 269 
oxidation of methyl radicals and ethylene to COX. The impact of surface oxygen concentration 270 
on selectivity is therefore significant. In fact, a low surface oxygen concentration induces a shift 271 
from surface to gas-phase chemistry. This is detrimental in case of an oxygen-rich feed (e.g. 272 
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CH4/O2= 2) due to non-selective oxidation reactions in the gas phase (e.g. reaction [5] in Table 273 
2), while at oxygen-lean conditions (e.g. CH4/O2= 10), the coupling of methyl radicals (reaction 274 
[6]) is favoured resulting in a net increase in C2+ selectivity at iso-conversion (see Figure S4.3 275 
in S.I.). This qualitative observation, quantified in S.I., is corroborated by Sinev et al.60, and 276 
suggests an optimal concentration of surface oxygen in terms of C2+ yield which is directly 277 
related to the oxygen concentration in the gas phase. 278 
This hypothesis is in support of the catalyst ranking varying considerably with feed 279 
composition. This in turn indicates that performance evaluations of catalysts at low CH4/O2 280 
cannot be directly extrapolated to high CH4/O2 operation. While this confirms that catalysts 281 
should always be designed to the targeted operating conditions40, it also raises concerns about 282 
the applicability of typical bench-scale isothermal tests to catalyst benchmarking to adiabatic 283 
operation, due to the difference in methane-to-oxygen ratios for the two cases. These concerns 284 
are further elaborated in section 4.1. 285 
Moving to adiabatic operation, the pairwise comparisons for the three adiabatic scenarios are 286 
reported in section S5 of S.I. and here only the main conclusion is summarized. The 287 
comparisons resulted in very high correlation coefficients (ρ= 0.96 - 0.99), thus testifying that 288 
the catalyst ranking was mostly preserved in the considered adiabatic scenarios. As a result, the 289 
top 10% OCM catalysts were the same for all three scenarios. It is worth highlighting that, 290 
given the imposed constraint on the maximum temperature (1273 K), the investigated range of 291 
inlet temperatures (800-900 K) corresponds to a narrow range of oxygen-lean inlet feed 292 
compositions (CH4/O2= 9-11) and lower methane-to-oxygen ratios could not be considered. 293 
The minor differences in catalyst ranking for the three adiabatic scenarios are thus in agreement 294 
with the previous results from isothermal scenarios, in which variability in the methane-to-295 
oxygen ratio was pinpointed as the key factor. 296 
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3.2 Catalyst ranking in isothermal vs adiabatic operation 297 
The agreement between data from isothermal and adiabatic operation was investigated via four 298 
extreme isothermal scenarios, as shown in Figure 4: A) low-temperature and oxygen-rich, B) 299 
high-temperature and oxygen-rich, C), low-temperature and oxygen-lean, D) high-temperature 300 
and oxygen-lean. In this figure, all four isothermal rankings are compared to the one obtained 301 
for an adiabatic scenario at high inlet temperature (T0= 900 K), for which most catalysts achieve 302 
complete oxygen conversion (see also section S.5 in S.I.). The lowest correlation (𝜌= 0.51). 303 
The is obtained when comparing the adiabatic to the isothermal ranking from scenario A, at 304 
low temperature and low methane-to-oxygen ratio. The correlation only marginally improves 305 
(𝜌= 0.57) when proceeding to scenario B at higher temperature. The effect of an oxygen-lean 306 
feed, even at low temperature, is significantly more pronounced (𝜌= 0.71). Finally, the best 307 
correlation with adiabatic rankings is obtained from isothermal data obtained at high 308 
temperature and with an oxygen-lean feed (𝜌= 0.86). Similar conclusions can be drawn from 309 
evaluating the overlap (C and D) or the lack of overlap (A and B) between the top 10% 310 
performing catalysts.  311 
It should be noted that in the case of comparisons such as the ones reported in Figure 4/A and 312 
B, the statistical analysis of the top 10% catalysts for the isothermal and adiabatic scenarios did 313 
not reveal any significant trend in the descriptors which could explain why so many good 314 
performing catalysts in adiabatic operation, i.e., those in the red box, do not exhibit an equally 315 
good performance in isothermal operation, i.e., are not within the blue box. Hence, an additional 316 
analysis of these extreme cases was carried out. 317 
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  318 
Figure 4. Pairwise comparisons of the performance ranking of the 220 realistic OCM catalysts, for four isothermal 319 
scenarios compared to one adiabatic scenario, with operating conditions as indicated in the top legends. Empty 320 
circles correspond to catalysts for which oxygen conversion in the adiabatic scenario is below 50%  and for this 321 
reason are excluded from the analysis of the correlation coefficient. 322 
For the sake of visual clarity, Figure 5 reports the same pairwise comparisons as Figure 4/A 323 
and B, but this time indicating the median performances in both scenarios. When focusing on 324 
these median performances, rather than on the top 10% oly, one can observe even more clearly 325 
that some catalysts, i.e. those in the 1st quadrant of the figures, are ranked poorly in the 326 
isothermal scenario but are characterized by above-median ranking in the adiabatic case.  327 
A statistical comparison of the catalyst descriptors of the catalysts belonging to the two 328 
highlighted quadrants in Figure 5 revealed that the catalysts in the 1st quadrant oxidize ethylene 329 
isoth: T=1173K, CH4/O2=10
adiab: T0=900K, CH4/O2= 11
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more extensively than the catalysts in the 2nd quadrant. As shown in section S7 of the S.I., this 330 
difference could be pinpointed to the different values of the sticking probability of ethylene on  331 
surface oxygen, which is the catalyst descriptor impacting the pre-exponential factor of reaction 332 
[4] in Table 2. The catalyst in the 1st quadrant showed significantly higher sticking probability 333 
and, hence, faster ethylene surface oxidation. Hence, most of these 1st quadrant catalysts would 334 
have been discarded via a typical isothermal screening, although their adiabatic performance is 335 
interesting. 336 
 337 
Figure 5. Analogous to Figures 4/A and 4/B. The dashed lines indicate the median rankings for both scenarios 338 
considered in each of the two comparisons. The black arrows point to the two catalysts compared in Figure 8. The 339 
black crosses are indicative of catalysts which were found to be representative of promoted NaMnW/SiO2 340 
catalysts46 (see also section S.2 of S.I.). 341 
The catalysts indicated by the black crosses in Figure 5 correspond to combinations of 342 
descriptors representative of promoted NaMnW/SiO2 catalysts
52 (see also section S2 in S.I.). It 343 
can be observed that almost all these catalysts fall in the 2nd quadrant, being characterized by 344 
above-median rankings. This is in agreement with the fact that many of the top-performing 345 
catalysts reported in literature belong to this catalyst family61. However, promoted 346 
NaMnW/SiO2 catalysts have proven to be thermally unstable and, thus, prone to deactivation
55 347 
and alternatives for adiabatic operation shall thus be explored. Therefore, even though not 348 
isoth: T=1173K, CH4/O2= 2
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specifically addressed in the present work, the screening and selection procedure should not 349 
disregard issues such as phase transformation, thermal stability and potential deactivation, 350 
measured via, for instance, operando characterization61. If catalysts such as the ones in the 1st 351 
quadrant would prove to be more suitable than 2nd quadrant catalysts in this respect, the former 352 
would be of higher interest. 353 
Going back to the bigger picture, all pairwise comparisons between the thirty-six isothermal 354 
scenarios and the two extreme adiabatic scenarios (T0= 800 K and T0= 900 K) are visualized in 355 
terms of correlation coefficients in Figure 6 (based on Table S4.1 in S.I.). A high correlation 356 
coefficient is indicative of a high predictive power of the isothermal data with respect to the 357 
adiabatic scenario considered. The trends reported in this figure show that the adiabatic catalyst 358 
ranking is more adequately predicted by the catalyst ranking derived from isothermal data 359 
obtained at high temperature (≥ 1123 K) and high CH4/O2 (≥ 7). These results are in agreement 360 
with what was observed in section 3.1 for isothermal scenarios only and confirm that the 361 
evaluation of adiabatic catalytic performances based only on conventional isothermal 362 
experimentation can lead to the selection of a suboptimal catalyst. 363 
 364 
Figure 6. Overview of the correlation coefficients between adiabatic and isothermal rankings as a function of the 365 
isothermal methane-to-oxygen ratios at four different isothermal operating temperatures, for two adiabatic 366 
scenarios (A and B). 367 
T0=  800K,  CH 4 /O2=  9A T0=  9 00K,  CH 4 /O2=  1 1B
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4. Discussion 368 
4.1 Surveying isothermal data from an adiabatic perspective 369 
As the performance of OCM catalysts in adiabatic operation is not always well represented by 370 
bench-scale data acquired at typical isothermal conditions, it is judicious to revise isothermal 371 
data from literature. A minimum limit for an economically-profitable industrial implementation 372 
(C2 yield≥ 15%62) was used as a criterion to select 387 experimental data points from the 373 
database reported by Schmack et al.14 (shown in Figure 7/A). The average temperature and 374 
methane-to-oxygen molar feed ratio amount to 1041 K and 3 respectively, in line with the 375 
typical operating range of isothermal conditions considered in the present work (CH4/O2= 2-5, 376 
T= 1023-1073 K). Actually the typical range leads to an average C2 yield of approx. 33% higher 377 
than the average yield obtained in the interval CH4/O2= 5-10, T= 1073-1173 K (10.6% for the 378 
former vs 8.0% for the latter). This difference can be attributed to higher methane conversion 379 
(22.5% vs 13.4%) when operating closer to the stoichiometric feed composition (CH4/O2= 2-380 
5), despite the reduction in the average C2 selectivity (from 59.4% to 47.1%). However, such 381 
typical range is far from the most relevant isothermal conditions for catalyst selection in 382 
adiabatic operation ( T≥ 1123K and CH4/O2≥ 7), identified in section 3.2. 383 
Figure 7/B displays a data subset acquired at these relevant high temperatures and high CH4/O2 384 
ratios. Comparison with Figure 1 shows that only approximately 5% of all catalytic tests 385 
considered have been performed within this range of interest. The reason why these conditions 386 
are not often screened can be attributed to low C2 yields (6.7% on average) resulting from the 387 
limited methane conversion at high methane-to-oxygen feed ratios. The subset in Figure 7/B 388 
suggests that none of the most widely studied OCM catalysts, such as promoted Li/MgO63 and 389 
NaMnW/SiO2
64, have been tested (and/or showed any remarkable performance) at conditions 390 
relevant for adiabatic operation. 391 
 392 
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  393 
Figure 7. Selection of isothermal experimental data available in literature for OCM catalysts 14 A) 387 datapoints 394 
commonly considered of interest for isothermal OCM, thanks to the high (≥15%) yield. B) 81 datapoints obtained 395 
at operating conditions leading to high correlation with adiabatic data, namely high temperature (≥ 1123 K) and 396 
more importantly high CH4/O2 (≥ 7). 397 
In conclusion, 95% of the OCM catalysts tested already were done at conditions in which their 398 
performance was not sufficiently informative for their application in an adiabatic reactor. Thus, 399 
prior to the synthesis of new, ad-hoc materials for adiabatic OCM, testing of already available 400 
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materials in conventional isothermal operation, but focusing on high CH4/O2 and high 401 
temperature operation, is recommended as first step in the search for promising catalysts in 402 
adiabatic operation. 403 
4.2 Mechanistic insights into suitable catalysts for adiabatic operation 404 
The analysis of literature data as performed in section 4.1, together with the lack of predictive 405 
power of typical isothermal data, suggests that high-performing catalysts according to 406 
conventional isothermal screening should not necessarily be the focus of adiabatic-oriented 407 
OCM research. To gain further fundamental understanding into these discrepancies in the 408 
catalyst ranking between the two operating modes, an additional kinetic investigation was 409 
performed. To do so, the focus was put on two catalysts representative of the two quadrants 410 
previously identified in Figure 5. These catalysts were carefully selected, such that the only 411 
dissimilar catalyst descriptor between the two would be the sticking probability of ethylene on 412 
a surface oxygen (high value , 1.1·10-4, for the 1st quadrant catalyst and low value, 2.7·10-5, for 413 
the 2nd quadrant catalyst).  414 
In Figure 8, the first-rank Delplot65, i.e. the C2+ selectivity as a function of O2 conversion, is 415 
reported in several scenarios for the two catalysts. It can be observed that, since no ethylene is 416 
present at the inlet of the reactor, the two catalysts exhibit comparable selectivity in the low 417 
conversion range. This selectivity is below 100%, which is typical for most OCM catalysts, 418 
meaning that a portion of the CH3 radicals generated by methane activation on the catalyst 419 
surface is immediately oxidized to carbon (di)oxide, either in the gas phase or on the catalyst 420 
surface (primary oxidation). However, the differences in C2H4 surface oxidation (consecutive 421 
oxidation), arising from the different sticking coefficient considered for the two catalysts, are 422 
translated into a much steeper decrease in selectivity with conversion for the 1st quadrant 423 
catalyst in both the isothermal scenarios (Figure 8/A and B). This effect is particularly striking 424 
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in Figure 8/A, corresponding to an isothermal scenario with a low temperature and low CH4/O2, 425 
i.e. the most typical, but not the most adiabatically-relevant.  426 
Although still present, the differences in the evolution of selectivity with O2 conversion are less 427 
pronounced in high-temperature and high methane-to-oxygen ratio isothermal operation 428 
(Figure 8/B) and even less pronounced in adiabatic operation (Figure 8/C and D). Such 429 
observation points to consecutive oxidation being less relevant under such conditions, 430 
explaining hence the comparable adiabatic rankings for the catalysts in the two quadrants, 431 
despite the significant differences in the isothermal rankings. 432 
 433 
Figure 8. First-rank Delplots, i.e. selectivity vs conversion plots, for two catalysts belonging to the 1st (pink) and 434 
2nd (light-blue) quadrants of Figure 5,  for two isothermal (A, B) and two adiabatic scenarios (C,D), with operating 435 
conditions as indicated in the top legends. 436 
A B
C D
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In order to have a complete view on the impact of operating temperature and methane-to-437 
oxygen ratio on the prevailing oxidation routes, additional results and discussion on the 438 
isothermal scenarios are reported in section S7 of the S.I.. Only the main conclusions on are 439 
herein reported. 440 
As expected, temperature was found to have an effect on the absolute performances of the two 441 
catalysts, reducing the importance of both primary and consecutive oxidation66. This beneficial 442 
effect of higher temperature on the reaction kinetics is also the cause for the increase in 443 
selectivity with conversion observed for the two adiabatic cases (Figure 8/C and D), with higher 444 
conversion resulting in higher temperatures, as indicated by the adiabatic temperature rise 445 
reported in the figure. However, temperature alone was found not to be the primary driver in 446 
the change in catalyst ranking between the isothermal and adiabatic scenarios, with the effect 447 
CH4/O2 being again more pronounced. In fact, the consecutive oxidation of the products was 448 
found to be much less significant in an oxygen-lean environment (high CH4/O2) thanks to the 449 
reduced availability of the oxidant. Mainly, because the limited amount of oxygen in the gas 450 
phase is already consumed in the unavoidable and undesired oxidation of CH3 radicals37.  451 
This conclusion is in agreement with the previous observations and reasoning behind a lower 452 
surface concentration of O* active species being preferred in oxygen-lean conditions. 453 
Additionally, catalyst selection for adiabatic operation based on isothermal screening would 454 
thus benefit from a preliminary assessment of the extent of C2 oxidation on the catalyst surface. 455 
Hence, it is advisable to compare catalytic performances as a function of conversion, rather 456 
than relying on comparisons at a single fixed conversion, in order to follow the selectivity 457 
evolution. As shown above, this approach can provide a simple and effective comparison of the 458 
prevailing oxidation routes (primary and consecutive) for different catalysts, hence facilitating 459 
the extrapolation of isothermal evaluations to the adiabatic case.  460 
 461 
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5. Conclusions 462 
The challenge of extrapolating the decades-long extensive isothermal experimentation on OCM 463 
catalysts to the recent shift of industrial interest towards adiabatic operation was addressed via 464 
microkinetic simulations. Surprisingly, for both isothermal and adiabatic operating modes the 465 
operating temperature was found not to be the most decisive factor in catalyst ranking in terms 466 
of C2+ yield. Rather, the methane-to-oxygen feed ratio affects this catalyst ranking more 467 
significantly. As a matter of fact, in case of  high gas-phase oxygen concentration (CH4/O2= 2), 468 
catalysts with a higher concentration of surface oxygen species were found to perform better, 469 
while the opposite was true in case the gas phase was oxygen-lean (CH4/O2= 10). At oxygen-470 
rich conditions, a high surface oxygen concentration is needed to reduce the impact of gas-471 
phase reactions (and oxidation in there), while at oxygen-lean conditions a lower surface 472 
oxygen concentration is preferred because then the undesired oxidation would mainly occur on 473 
the surface. Isothermal data obtained at low CH4/O2 are typically associated with high C2+ 474 
yields and have been generally considered of higher interest. However, for the reasons above, 475 
these data could lead to misleading conclusions in catalyst selection for adiabatic operation, in 476 
which high oxygen contents are avoided to keep the adiabatic temperature rise under control. 477 
These insights can be translated into practical guidelines for the planning of new bench-scale 478 
isothermal experiments aimed at catalyst screening for adiabatic operation. For catalyst ranking, 479 
it is indeed advisable to evaluate performances in an oxygen-lean environment (i.e. CH4/O2≥ 480 
7) and, preferably, at high temperature (i.e. ≥ 1123 K). Additionally, experiments at variable 481 
space-time enable the comparison of the selectivity evolution with conversion, to gain 482 
preliminary mechanistic understanding about the surface oxidation pathways, which was found 483 
to significantly impact the different ranking of the catalyst candidates. In view of these simple 484 
guidelines, it is proposed to re-evaluate at more relevant conditions not only the top-performing 485 
catalysts identified so far but also known catalyst formulations that have been discarded 486 
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previously, especially if the low yields were suspected to be due mainly to selectivity loss in 487 
consecutive surface oxidation.  488 
 489 
Supplementary Information 490 
S1. Overview of the OCM microkinetic and reactor model; S2. Catalysts and realistic sets of 491 
catalyst descriptors; S3. Additional results about catalyst ranking in isothermal operation; S4. 492 
Additional results about the feed composition effect in isothermal operation; S5. Results about 493 
catalyst ranking in adiabatic operation; S5.Additional results about catalyst ranking in 494 
isothermal vs adiabatic operation; S7. Additional results about the comparison of 1st quadrant 495 
and 2nd quadrant catalysts. 496 
 497 
Nomenclature 498 
CH4/O2 methane-to-oxygen molar ratio at the inlet of the reactor 499 
∆Tad  adiabatic temperature rise (K) 500 
F  molar flowrate at the outlet of the reactor (mol/s) 501 
F0  molar flowrate at the inlet of the reactor (mol/s) 502 
GHSV  gas hourly space velocity (
𝑚𝑔𝑎𝑠
3  𝑆𝑇𝑃 ℎ⁄
𝑚𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
3  ℎ
−1)  503 
𝑛  number of realistic OCM catalysts 504 
𝑝  first operating scenario in each pairwise comparison (x-axis in the figures) 505 
𝑞  second operating scenario in each pairwise comparison (y-axis in the figures) 506 
?̇?  cooling capacity (W) 507 
?̇?𝑅  generated power (W) 508 
𝜌  Pearson’s correlation coefficient 509 
𝑆𝐶2  selectivity towards C2 products (C2H6, C2H4, C2H2); 𝑆𝐶2  
2×(𝐹𝐶2− 𝐹𝐶2 0)
𝐹𝐶𝐻4 0− 𝐹𝐶𝐻4
 510 
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S.I.  supplementary information 511 
T  operating temperature in an isothermal reactor (K) 512 
T0  inlet temperature in an adiabatic reactor (K) 513 
𝑋𝑂2  oxygen conversion at the reactor outlet; 𝑋𝑂2  
𝐹𝑂2 0− 𝐹𝑂2
𝐹𝑂2 0
 514 
𝑋𝐶𝐻4  methane conversion at the reactor outlet; 𝑋𝐶𝐻4  
𝐹𝐶𝐻4 0− 𝐹𝐶𝐻4
𝐹𝐶𝐻4 0
 515 
𝑌𝐶2+  yield of C2+ products (C2H6, C2H4, C2H2, C3H8, C3H6); 𝑌𝐶2+   𝑋𝐶𝐻4 × 𝑆𝐶2+ 516 
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